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Cotunneling through quantum dot with even number of electrons ∗
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We study an influence of a finite magnetic field on a small spin-degenerate quantum dot with
even number of electrons, attached to metallic leads. It is shown that, under certain conditions, the
low energy physics of the system can be described by the S = 1/2 antiferromagnetic Kondo model.
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Recently, the Kondo effect was observed in quantum
dot systems [1], in agreement with the theoretical pre-
dictions [2]. Quantum dots are highly tunable devices,
which offer access to regimes (in parameter space), that
are virtually impossible to realize in traditional Kondo
systems. In particular, by tuning the potential at the
capacitively coupled gate electrode, one can control the
number N of electrons in the dot. Away from the so-
called degeneracy points, an addition or removal of an
electron to the dot costs a large charging energyEc. Fluc-
tuations of the dot charge are suppressed, and N is fixed.
Transport in this regime occurs by means of virtual tran-
sitions via excited states of the dot (cotunneling). If N
is odd, the dot has non-zero total spin, and cotunneling
can be viewed as a magnetic exchange. An associated
collective effect manifests itself as a Kondo peak in the
differential conductance at zero bias. If N is even, the
total spin of the dot is zero, since all states are occupied
by pairs of electrons with opposite spins. Therefore, it
is natural to expect the parity effect: the Kondo peak
is present for odd N , but not for even N , which has in-
deed been noticed in the pertinent experiments [1]. Not
surprisingly, most of the theoretical attention has been
focused on the quantum dots with odd number of elec-
trons.
Yet, as we demonstrate below, dots with even N may
also exhibit the Kondo effect. For this purpose we con-
sider the following model of a spin-degenerate quantum
dot attached to a single lead [3]:
H = H0 +Hd +HT . (1)
Here H0 =
∑
ks ǫkψ
†
ksψks describes electrons in the lead.
The Hamiltonian of the dot
Hd =
∆
2
∑
ps
pd†psdps −
H
2
∑
pss′
σzss′d
†
psdps′ +Hint,
where Hint = Ec (N − 2)2, N =
∑
ps d
†
psdps is the num-
ber of electrons in the dot, p = ±1 counts the energy
levels in the dot, ∆ is the single particle level spacing,
and H is Zeeman splitting, induced by external mag-
netic field, and s =↑, ↓ denotes projections of spin. For
simplicity, we restrict our attention to the particle-hole
symmetric case. Furthermore, we neglect all single parti-
cle energy levels, except the two closest ones to the Fermi
level (a similar approximation is implied in the applica-
tions of the Anderson model for dots with odd N [2]).
We also neglect the effect of the magnetic field in the
plane of 2DEG on conduction electrons, which is justi-
fied as long as the bandwidth D ∼ Ec is large compared
to H . The tunneling Hamiltonian describes the coupling
between the dot and the lead:
HT = v
∑
ps
ψ†sdps +H.c., ψs =
1√
L
∑
k
ψks
In weak magnetic field H ≪ ∆ the ground state of
the dot, d†−↓d
†
−↑ |0〉, is non-degenerate, and separated by
the gap ∆ from the lowest excited states. Accordingly,
the differential conductance exhibits no structure near
zero bias, but resonant peaks far away from equilibrium
at eV ∼ ±∆ [1]. Qualitatively different situation oc-
curs if the magnetic field is tuned to the vicinity of ∆:
H = ∆+ h, h≪ ∆. As one can easily verify, two states
of the dot,
|↑〉 = d†
+↑d
†
−↑ |0〉 and |↓〉 = d†−↓d†−↑ |0〉 , (2)
are almost degenerate (E↓ = −∆, E↑ = −∆−h), and are
separated by ∆ from the rest of the spectrum. Clearly, if
the level spacing ∆ is large, the Hilbert space of the dot
can be further truncated to the two level system (2). In-
tegration out virtual transitions to the states with large
electrostatic energy (N = 1, 3) results in an effective low-
energy Hamiltonian
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Heff = H0 − hSz + λsz + J (s · S) . (3)
Here J = 2λ = 4v2/Ec, s
α =
∑
ss′ ψ
†
s (σ
α
ss′/2)ψs′ is the
spin of the conduction electron at the site of the dot, and
S are the usual spin 1/2 operators, acting on the states
(2). Apart from the term λsz , (3) is identical to the stan-
dard form of the S = 1/2 Kondo model. However, this
term has little influence. Indeed, it can be incorporated
into the local density of states of the conduction electrons
at the site of the dot ρs (ω). Approximating the slowly
varying functions ρs (ω) by their values at the Fermi en-
ergy, we obtain ρs ≈ ρ
[
1 + (πρ0λ/2)
2
]−1
, where ρ is the
(constant) density of states for the Hamiltonian H0. The
remaining terms result in the Kondo contribution to the
differential conductance [3] G(V ) ∝ (lnA/TK)−2, where
A = max {|eV | , |h| , T }, and the Kondo temperature is
defined as TK ∼ Ec (ρJ)1/2 exp (−1/ρJ).
To conclude, we predict in this paper that the quantum
dots with even number of electrons may exhibit Kondo
effect in a finite magnetic field. This is possible since the
energy gap for spin excitations in quantum dots is equal
to a single particle level spacing, which is small compared
to the charging energy. More realistic model should take
into account an assymetry of the tunneling amplitudes
to the two energy levels, participating in the effect. This
will be discussed elsewhere [4].
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